An expression for the temperature dependence of the viscosity and fragility is derived based on a simple model of the melt. According to the model, the fragility is determined by the relaxation of structural units that form the melt, and is described in terms of the bond strength, coordination number, and their fluctuations of the structural units. It is shown that the fragility of some metallic glass forming liquids such as Pd 40 Ni 40 P 20 , La 55 Al 25 Ni 20 and Zr 65 Al 10 Ni 10 Cu 15 are quite well reproduced by the model. The application of the theory to La 55 Al 25 Ni 20 has revealed that the fluctuation in the bond strength between the structural units is about 6% and that the viscous flow occurs when the bonds in about 8 adjoining structural units are broken.
Introduction
The temperature dependence of the viscosity for various glass forming materials is conventionally characterized by the so-called Angell's plot. 1) By plotting the logarithm of the viscosity as a function of the reduced inverse temperature T g =T, where T g is the glass transition temperature, curves with different degrees of non-Arrhenius behavior may be systematized. The degree of deviation from the Arrhenius behavior is called fragility. For highly polymerized network glass formers such as SiO 2 , nearly straight lines in log vs T g =T plot are observed. These types of materials exhibit small values of fragility and are called strong systems. On the other hand, for systems with non-directional interatomic or intermolecular bonds such as ionic or organic liquids, strong deviations from the Arrhenius behavior are found. These types of materials exhibit large values of fragility and are called fragile systems.
The concept of fragility has been used widely [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and has played a fundamental role in understanding the relaxation behavior of supercooled liquids. However, the microscopic mechanism responsible for the degree of fragility is still not well understood. In a recent study, one of the authors has derived an expression for the fragility based on a simple model of the melt. 15) According to the model, the fragility is determined by the relaxation of structural units that form the melt, and is described in terms of the bond strength, coordination number and their fluctuations of the structural units. Previous study has shown that the model describes quite well the fragility behavior of non-metallic materials. 15) It will be of considerable interest to verify if the model could be applied also to metallic systems. In particular, the description of the temperature dependence of the viscosity of metallic glass forming liquids is of special interest, because the viscosity is a quantity intimately related with the glass forming ability. 19) 
Model for the Viscosity and Fragility
The glass forming melt is formed by an agglomeration of structural units. As the temperature of the system is lowered, the viscosity of the melt increases and at the glass transition temperature T g , the spatial distribution of structural units is frozen. The model of the melt represented schematically is shown in Fig. 1 . Here, the circles denote the structural units. For metallic glass forming systems, the structural units might be icosahedral clusters, as many studies suggest. 18, 20) In the model, each structural unit is bound to other structural units by a certain bond strength which is denoted as
where E 0 is the average value and ÁE is its fluctuation. Each structural unit is surrounded by a certain number of other structural units also. For instance in Fig. 1 , the coordination numbers of the structural units denoted by A and B are 3 and 4, respectively. The coordination number of the structural units is denoted as
where Z 0 is the average value and ÁZ is its fluctuation. The viscosity of the melt is well described by a thermal activation type equation. In the model presented above, the viscous flow occurs when the structural units move from one position to another by breaking the bonds connecting the structural units. By taking into consideration these facts, the viscosity is written as where 0 is the viscosity at high temperature limit, R is the gas constant and T is the temperature. 0 is considered to be a material independent constant as the trend of the experimental data indicate. 1, 12) The parenthesis h i indicates that a statistical average of the quantity inside the parenthesis must be taken. By assuming a Gaussian distribution for the bond strength E and coordination number Z, the following analytical expression for the viscosity can be obtained.
and
In eq. (4), Tg denotes the value of the viscosity at the glass transition temperature. For the evaluation of eq. (4), the usual values of the viscosity at the glass transition temperature Tg ¼ 10 12 PaÁs and at the high temperature limit 0 ¼ 10 À5 PaÁs are adopted. 12) Note that the expression of the viscosity given above is written in terms of the physically intuitive quantities B, C, and x. C gives the total bond strength of the structural unit and B gives its fluctuation.
The fragility is defined as
By using the expression for the viscosity given by eq. (4) we obtain
Previous study has shown that strong system such as SiO 2 has a large value of C and a small value of B. On the other hand, fragile system such as ZBLA (ZrF 4 -BaF 2 -LaF 3 -AlF 3 ) has a small value of C and a large value of B. Systems with intermediate fragility are located between these two sets of extreme values.
Application to Metallic Glass Forming Liquids
Concerning the temperature dependence of the viscosity or the fragility of metallic glass forming systems, much studies have been done during the last few years. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] These studies have revealed that the metallic glass forming liquids exhibit intermediate values of the fragility. In the present section the temperature dependence of the viscosity of some metallic glass forming liquids is analyzed in the light of our model. Figure 2 shows the temperature dependence of the viscosity for three metallic glass forming systems, Pd 40 Ni 40 P 20 , La 55 Al 25 Ni 20 and Zr 65 Al 10 Ni 10 Cu 15 . We can see that the theoretical expression reproduces quite well the experimental data near the glass transition temperature. Concerning the results for the high temperature part, a comment will be given later. In the inset of the figure, the values of the parameters used for the fitting is also shown. The figure indicates that among the three systems, Pd 40 Ni 40 P 20 is the most fragile and Zr 65 Al 10 Ni 10 Cu 15 is the most stronger. We note also that Pd 40 Ni 40 P 20 has the largest value of B and smallest value of C, whereas Zr 65 Al 10 -Ni 10 Cu 15 has the smallest value of B and the largest value of C. This trend of the parameters is the same to that found for non-metallic systems.
The trends of the parameters B and C discernible form Fig. 2 together with those found for non-metallic systems, suggest that there must be a relationship between these two parameters. In Fig. 3 we show such a relationship. We can see clearly that strong systems have large values of C and small values of B, whereas fragile systems have large values of B and small values of C. In other words, strong systems are characterized by large bond strength and small fluctuations of the structural units, whereas fragile systems are characterized by small bond strength and large fluctuations. This observation provides a simple, but physically very sound picture for the structural relaxations occurring in supercooled liquids. Form Fig. 3 , we can reconfirm that the metallic glass forming systems have intermediate values of fragility, and locate their positions in the bond strength-coordination number magnitude and fluctuation space. By using the values of B and C determined, some information concerning the viscous flow can be extracted. Consider for instance the case of La 55 Al 25 Ni 20 . For this system, the values of the parameters obtained are B ' 0:4 and C ' 10. The reported glass transition temperature for this system is T g ¼ 490 K. 26) From the values of C and T g we obtain Z 0 E 0 ¼ 4:1 Â 10 11 erg/mol for the average total bond strength. From the ratio B=C 2 , the magnitude of the fluctuation is estimated to be ðjÁZjjÁEjÞ=Z 0 E 0 ¼ 0:06. The measured activation energy for the viscous flow is E a ¼ 3:1 Â 10 12 erg/mol. 24) Since in our model the viscous flow results by breaking the bond between the structural units, the ratio E a =ðE 0 Z 0 Þ ¼ 7:6 provides a measure of the amount of bond broken. That is, for the system in consideration, the model suggests that the number of bond corresponding to about 8 structural units must be broke in order to observe the viscous flow.
Although simple, the model presented in this paper provides a clear physical picture for the fragility. In the present model, E and Z have been assumed to be temperature independent quantities. Based on this assumption, the values of B and C have been obtained by fitting the experimental data of the viscosity near the glass transition temperature. Therefore, strictly speaking the values of the parameters B and C are valid in a limited temperature range. The deviations of the theoretical curves from the experimental data observed at high temperature in Fig. 2 are due to this limitation. To improve the agreement, we must take into account the temperature dependence of E and Z. However such an extension does not alter the physical essence of the model.
Concerning the temperature dependence of the viscosity (or relaxation time), there are many studies. The important factor determining the relaxation behavior depends on the model. For instance, in the Adam-Gibbs theory, 31 ) the important factor is the configurational entropy, in the theory by Cohen and Grest 32) is the free volume, and more recently, Tanaka 18) has stressed the importance of short range order, etc. In the model of the present paper, the important quantities are the fluctuations in the coordination number and bond strength. We expect that our model is related to these previous theories. However, its clear relationship is unknown at present.
Conclusion
In the present study, an expression for the temperature dependence of the viscosity or fragility has been derived based on a simple model of the melt. In the model, the melt is described as an agglomeration of structural units. These units are surrounded by Z ¼ Z 0 þ ÁZ other units, and are bound each other by an energy E ¼ E 0 þ ÁE, where Z 0 and E 0 are the mean values, and ÁZ and ÁE are their fluctuations. It has been shown that the temperature dependence of the viscosity of some metallic glass forming liquids such as 
